Abstract -The use of the millimeter wave regime for imaging is becoming more widespread as a means for concealed weapons detection. A primer on the phenomenology of passive millimeter wave imaging will be presented to help explain how this imaging is accomplished with only ambient radiation. Examples of images acquired by passive millimeter wave cameras will be presented. A comparison between imaging indoors and outdoors will be made, highlighting the factors to be considered in both scenarios.
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I. INTRODUCTION
Passive millimeter wave (PMMW) imaging is a method of forming images through the passive detection of naturally occuffing millimeter wave Objects both emit and reflect radiation in the millimeter wave regime. The amount that an object reflects or emits is characterized by the emissivity (£) of the object, which is a function of its dielectric properties, the roughness of its surface, and the observation angle. A perfect radiator is known as a blackbody and has £ = 1. A perfect reflector has £ = 0. The human body, in particular the skin, has an emissivity on the order of 0.9, and thus has some reflectivity in the millimeter wave regime.
Multiplying the physical thermodynamic temperature of an object To by its emissivity £ yields the object's surface brightness (or radiometric) temperature Ts Ts = -o.
(1) In addition to variations in emissivities of scene materials, the way the scene is illuminated has a key impact on the image generation. A metal plate with £=0 will have TS=0, but its high reflectivity will cause it to appear to have the radiometric temperature of whatever object radiation is reflected off its surface towards the camera.
This apparent non-zero temperature can be defined as a surface scattered radiometric temperature TSC and is simply the product of the object's reflectivity p and the radiometric temperature TILLUMINATOR of the object illuminating the surface being directly imaged Tsc= PTILLUMINATOR. The exploitation of the millimeter wave regime (with frequencies between 30 and 300 GHz, or wavelengths between 10 and 1.0 mm) is the natural next step in expanding our ability to see more of the world through artificial means. Other references exist to introduce imaging in this regime [1] , and a brief overview will be presented here.
Passive imaging in the millimeter wave regime is fundamentally based on measurements of power received
The effective radiometric temperature TE of the object is thus the sum of the terms Ts and TSC TE = TS + TSC (3) or TE = £TO + PTILLUMINATOR. (4) Thus, it is important to consider the emissivity and reflectivity of the surfaces one is imaging, and the other sources of radiation coming from the surroundings. For all concealed weapons detection scenarios, the camera will be relatively close to the subject being imaged, so complicating factors such as attenuation along the line of sight can be ignored.
B. Indoor and Outdoor Imaging Considerations
Depending on the specific frequency of operation selected, passive imaging in the millimeter wave regime can be dramatically different when performed indoors or outdoors. Indoor imaging is dependent on natural emitters such as the warm human body to provide the contrast to see concealed weapons since everything in the image will be bathed in the radiation from the walls and contents of the room sitting at room temperature.
In outdoor imaging, an important source of illumination is the down-welling of radiation from the sky above. When a radiometer is aimed directly up at the zenith, it will detect not only the low level of radiation from deep space, but the radiation that down-wells from the atmosphere. Such a measurement of the zenith sky brightness temperature at 94 GHz yields a value on the order of only -60 K [2] . Thus, a metal object such as a handgun, with £=0 and p=l, will have TE -60K, and will thus appear very cold in an image. This low temperature value is primarily a result of the atmospheric transmission window at 94 GHz (others exist, such as 35, 140, and 220 GHz) where attenuation is relatively modest. However, if operating at frequencies outside these windows, the sky will look warm and the scene will be bathed in a higher ambient level of radiation. To first order, imaging will be similar to imaging indoors. The cold handgun will appear warmer, thus reducing its contrast against the human body signature.
Whether imaging indoors or outdoors, the key to success is having a camera with sufficient sensitivity to detect small radiometric temperature differences, the minimum resolvable temperature (MRT) of the camera.
III. THE NGC PASSIVE MILLIMETER WAVE CAMERA
Over the years, many methods have been developed around the world to generate video-like, real-time PMMW imagery. These range from the straightforward rapid mechanical scanning of a small array combined with clever optical configurations [3] , to the complex but highly innovative phased array approach in which the required rapid angular scanning is done through frequency scanning [4] . The approach that NGC has taken is to build a camera more like the standard visible and IR video cameras, developing a 2-dimensional array of detectors that is based on its unique radiometer-on-a-chip technology.
Millimeter Wave Monolithic Integrated Circuit (MMIC) technology has enabled the direct detection and low-noise amplification of millimeter wave signals. Low noise amplifiers utilizing pseudomorphic high electron mobility transistor (PHEMT) technology on gallium arsenide (GaAs) substrates were combined with on-chip switches and a sensitive detector diode, to form a complete MMIC-based 89 GHz receiver having a noise figure of -5.5 dB and bandwidth of 10 GHz. The high sensitivity, low-cost, and low-power consumption of these MMIC devices allowed NGC to build the 1040 receiver focal plane array (FPA) contained within the camera shown in Fig. 1 [6] .
IV. IMAGING OF CONCEALED WEAPONS
If an object is placed under the clothing that has a dielectric constant different than skin, the millimeter wave image will reveal a radiometric temperature change caused by the object. For example, a metal gun hidden under the clothing will not only block the natural emissions from the body, but will reflect the radiation from the surroundings. Even non-metallic objects, such as plastics and ceramics, will have a similar effect. The overlying clothing typically has little effect because of its low dielectric constant, low attenuation, and low scattering of the millimeter wave radiation.
If the subject is indoors, where the room is illuminating the body with radiation at -295K, the body's warmer emissions will be blocked or attenuated by the concealed weapon, and it will be revealed to a PMMW imaging camera. Fig. 2 shows an indoor scene of a person sitting with a concealed weapon (bag of metal shrapnel.) This still image was generated with a single 94 GHz radiometer with a MRT of 1K on a mechanically scanned 24" aperture dish antenna. The person was wearing a cotton sweatshirt to conceal the weapon. As can be seen, the metal shrapnel in the plastic bag (simulating a suicide bomber's weapon) is clearly visible. It has the same shade of gray as the room whose radiation it is reflecting, and stands out well against the body which is warmer than the room. The dynamic range in the scene is on the order of 15K (from hot to cold.) Note that darker shades represent warmer temperatures.
off of part of the subject's body, another source of false alarms. The non-uniform illumination that one has in an outdoor scene is problematic, as opposed to the more uniform illumination in the indoor scene of Fig. 2 . The video camera in Fig. 1 was also used to generate video images of individuals carrying concealed weapons. These are shown in Fig. 3 (single snapshots shown. ) The set of images in (a) show an individual with a handgun, and the set in (b) show an individual with a bag of metal shrapnel, both concealed under a light jacket.
In the PMMW images in Fig. 3 , black represents colder radiometric temperatures (the choice of which shade of gray is cold or hot is arbitrary and up to the user.) The handgun and the bag of metal shrapnel appear cold (black) since they are reflecting the cold sky. The lower portion of each person's body appears white because of warm ground radiation shining up towards the person. Since the cold sky is at about 60K, while the warmest object is at about 310K, the dynamic range in the picture is on the order of 250K, significantly greater than in the indoor scene of Fig. 2 . A camera with higher MRT can be used outdoors and still be able to image well.
In the handgun image, note the other black object on the subject's chest. This turned out to be caused by a small metalized bag containing a moist towelette, an example of something that could cause a false alarm in a screening security portal. In the shrapnel image, there is a cold area on the subject's chest. This is caused by a reflection of the sky Millimeter wave imaging has a variety of applications that can be of great use to make life safer. Imaging concealed weapons in a passive manner has been demonstrated and is being pursued by several groups around the world. It is important that the fundamentals of how the imaging works is understood, both indoors and outdoors, in order to understand its weaknesses and potential methods to confuse and circumvent even this promising approach.
